In recent years, emerging structural information on the aRNAP (archaeal RNA polymerase) apparatus has shown its strong evolutionary relationship with the eukaryotic counterpart, RNA Pol (polymerase) II. A novel atomic model of SshRNAP (Sulfolobus shibatae RNAP) in complex with dsDNA (double-stranded DNA) constitutes a new piece of information helping the understanding of the mechanisms for DNA stabilization at the position downstream of the catalytic site during transcription. In Archaea, in contrast with Eukarya, downstream DNA stabilization is universally mediated by the jaw domain and, in some species, by the additional presence of the Rpo13 subunit. Biochemical and biophysical data, combined with X-ray structures of apo-and DNA-bound aRNAP, have demonstrated the capability of the Rpo13 C-terminus to bind in a sequence-independent manner to downstream DNA. In the present review, we discuss the recent findings on the aRNAP and focus on the mechanisms by which the RNAP stabilizes the bound DNA during transcription.
Introduction
Transcription is a fundamental cellular process across the three domains of life: Bacteria, Eukarya and Archaea. Since Carl Woese's discovery [1, 2] that Archaea constitute a separate domain from the bacterial one, several molecular studies have uncovered that cellular processes such as DNA replication and transcription in Archaea are closer to those in Eukarya than to bacterial ones [3] [4] [5] [6] [7] .
Original research on the archaeal transcription apparatus from Sulfolobus acidocaldarius by Wolfram Zillig and colleagues revealed its similarity of subunit composition with the eukaryotic RNA Pol (polymerase) II [3, 8] . However, several years had to pass before two structures of aRNAPs (archaeal RNA polymerases) were elucidated at atomic resolution [9, 10] . The structure of SshRNAP (Sulfolobus shibatae RNAP) showed for the first time the full complement of the 13 subunits composing this enzymatic machinery, including a species-specific novel subunit, Rpo13 [10] . These findings have finally allowed detailed comparisons of RNAPs across the three domains of life [11] .
An implementation of the nano-seeding crystallization technique [12] enabled us to obtain aRNAP crystals diffracting up to 3.2 Å (1 Å = 0.1 nm) resolution, and a more reliable atomic model for the SshRNAP [13] . Furthermore, the application of an ad hoc technique for soaking DNA into crystals of aRNAP from S. shibatae [14] resulted in the first three-dimensional structure of an aRNAP in complex with DNA [13] , allowing direct structural comparisons with the available eukaryotic RNA Pol II structures complexed with nucleic acids [15, 16] . Two striking observations could be deduced from this analysis: (i) the aRNAP jaw domain is primed to lock the dsDNA (double-stranded DNA) at the downstream end, and (ii) the presence of the species-specific subunit Rpo13 modulates DNA interactions at the far end of the DNA-binding cleft (Figure 1) .
The Rpo13 subunit, detected in some species of the Crenarchaea phylum and, by inference, also in Korarchaea, but not in Euryarchaea, may function as an archetypal transcription factor modulating DNA interactions during transcription initiation and elongation [13] . However, so far, it appears that Rpo13 lacks the evolutionary conservation that the other general transcription factors [such as TBP (TATA-box-binding protein), TF (transcription factor) B, TFE and aSpt5] share with the correspondent eukaryal homologous TBP, TFIIB, TFIIE and eSpt5 [11, 17, 18] . Yet, of these four archaeo-eukaryotic factors, only Spt5 is present in bacteria (where it is named NusG), making it the only known universal transcription factor [18] . Molecular and structural studies on Spt5 have clarified its role in regulation of transcription elongation, during which the protein binds to the clamp domain of the RNAP and stabilizes the DNA at the upstream DNA exit channel [18] [19] [20] .
In the present paper, we review the recent biochemical and structural data on the aRNAP in its apo-and DNAbound forms and summarize our findings on the mechanisms of DNA stabilization during transcription, in the context of available data on the euryarchaeal RNAP and eukaryotic nuclear RNAPs.
Desalting of SshRNAP crystals in droplets
To extend the knowledge on the archaeal transcriptional apparatus and its evolutionary relationship with the eukaryotic counterpart, in addition to studies on the apo-RNAP structure [10, 21] , we initiated the crystallization of the SshRNA polymerase with DNA fragments.
Apparently a routine task, the complexation with DNA turned out to be a challenging process. Initial attempts at co-crystallizing the SshRNAP with DNA, and at soaking DNA into pre-grown SshRNAP crystals, were unsuccessful. Thus we were obliged to develop a specific soaking protocol, which consisted of gently exchanging in droplets the highsalt buffer used for growing apo-aRNAP crystals into a low-salt buffer, so as to allow the DNA to bind to the RNAP [14] . The entire desalting process was carried out only on those apo-SshRNAP crystals with larger dimensions (∼400 μm×400 μm×50 μm), previously grown in droplets using the nano-seeding method [12, 14] . The latter technique was pivotal in generating a larger number of apo-aRNAP crystals suitable for crystal manipulation, and also in extending the diffraction of the apo-aRNAP crystals to 3.2 Å resolution. Using nanoseeding in conjunction with our soaking protocol, we ultimately obtained crystals of the DNA-bound SshRNAP that diffracted to 4.3 Å resolution ( Figure 1 ).
Overall structure of the aRNAP-DNA binary complex
The DNA-bound SshRNAP binary structure ( Figure 1A ) contained an engineered DNA base pair mismatch and could be interpreted as giving snapshots of two possible stages of the archaeal transcription: either an OC (open complex)-like structure [22] , where approximately 12 bp of DNA are melted, creating a transcription bubble before RNA elongation; or the aRNAP at the start of elongation, but without an RNA primer.
Direct comparison of the apo-and DNA-bound aRNAP structures has highlighted that the enzyme does not undergo significant ordering upon DNA binding. Furthermore, unlike in eukaryotic RNA Pol II structures, elements comprising the core of the enzyme, and functional for DNA-RNA interactions, such as the fork-loops 1 and 2, and switches 1-5, are already in their DNA-binding conformation in the native structure and are invariant upon complexation with DNA ( Figure 1B ). These structural elements lay on the path of the DNA or RNA and their mutations have an impact on the transcription; for example, fork-loop 2 (Rpo2, residues 425-446) is necessary for promoter-directed initiation and elongation [15, 16, [23] [24] [25] .
The DNA-bound form of the aRNAP, mimicking either an OC-like state or a starting elongation state, allows the comparison with the eukaryotic RNA Pol II-DNA OC (PDB code 4A3I) and RNA Pol II-DNA/RNA TEC (transcription elongation complex) (PDB code 1R9T) respectively. Interestingly, the dsDNA axis in the DNAbinding cleft of the RNAP OC and TEC deviates by 11
• and 17
• respectively from that of the corresponding archaeal counterpart ( Figure 1B) . Possibly, this is a result of the 'guard . Fitting of the structure into the EM map at 13 Å resolution was performed using the 'fit-into-map' command in Chimera [43] . The SshRNAP atomic model is displayed as cartoon and colour-coded as in Figure 1(A) , the PfuRNAP cryo-EM is showed as a grey mesh (contoured as recommended in [28] ). DNA template and non-template strands, represented as surface, are coloured in blue and green respectively. Bottom: close-up of the archaeal jaw domains represented as a cartoon model for the SshRNAP and as a grey mesh for the PfuRNAP density superimposed with the eukaryotic jaw domain coloured in yellow (PDB code 1R9T) {superimposition of Rpb1 on to Rpo1N-Rpo1C was carried out using SHP (Stuctural Homology Program) software; for details see [13] rail' role of the N-terminal part of the eukaryal Rpb5, which is present in Eukarya, but not in Archaea. The space taken by the N-terminal part of Rpb5 is occupied by Rpo13 in some archaeal species.
DNA stabilization in archaeal transcription
Comparison between the DNA interactions with the aRNAP and the eukaryotic RNA Pol II revealed conserved interactions close to the catalytic site, but a striking difference at the far end of the DNA-binding cleft [13] . Notably, in certain species of the Crenarchaeota phylum, DNA downstream stabilization is mediated by the Rpo13 subunit [13] . This subunit is present at the initiation and elongation stages of transcription, therefore it constitutes an integral part of the RNAP [13] . Apart from the presence of the archaea-specific Rpo13 subunit, DNA stabilization is mostly mediated by the jaw domain (residues 147-233 in subunit Rpo1C) via a lysine-rich region a dozen nucleotides downstream of the active site [13] (Figure 1B) . Indeed, the archaeal jaw domain lowers towards the DNA-binding cleft more than its eukaryotic counterpart (Figure 2A) . With respect to the RNA Pol II jaw (residues 1141-1275 in subunit Rpb1), the archaeal jaw domain appears to have swung towards the DNA by 20
• (using as hinge residues 147 and 233 in Rpo1C). These differences in the position of the jaw domain are likely to be the consequence of the eukarya-specific Rpb9 subunit, which interacts directly with the eukaryotic jaw domain [26] . Rpb9 makes nine hydrogen bonds and two salt-bridges with the jaw domain, thus probably pulling the jaw domain away from closer proximity to the dsDNA. These interactions amount to ∼26% of all the Rpb9 contacts within the eRNAP (eukaryotic RNAP), as computed by PISA [27] (PDB code 4A3I).
The orientation of the archaeal jaw domain is conserved across the archaeal phyla as shown by our and others' crystal structures of crenarchaeal RNAPs [9, 10, 13, 21] and by closeto-native condition cryo-EM (electron microscopy) studies of the euryarchaeal PfuRNAP (Pyrococcus furiosus RNAP) [19, 28] (Figure 2A) . As a consequence, the locking role of DNA in the archaeal jaw domain could constitute an ancestral mechanism of DNA stabilization, functional during all three stages of transcription (initiation, elongation and termination) that may pre-date the appearance of the eukarya-specific Rpb9 subunit.
DNA stabilization also occurs at the upstream DNA exit channel, after the transcription bubble, where DNA is wound into a double-stranded helix. Although the interactions of the dsDNA with the RNAP at this end remain to be clarified, it is known that during initiation the TBP-TFB complex is loaded at the upstream end of the RNAP, and that after initiation and before elongation, elongation factor aSpt5 also binds close to the upstream end of the bubble. Spt5 has been proposed to arrest the breakdown of the DNA bubble by interaction with the template strand of the DNA during transcription elongation [11, 18, 19, 20] (Figure 2B ). Its location on the RNAP enzyme, interacting with the clamp domain (residues 255-268 in subunit Rpo1N of PfuRNAP), locks the DNA in place at the upstream DNA exit channel, thus preventing its dissociation from the complex [20] .
To summarize, aRNAPs and eRNAPs differ in the mechanism of downstream DNA stabilization: (i) the aRNAP uses its jaw domain to stabilize the DNA, whereas the corresponding eukaryotic counterpart is bound by Rpb9, which constrains the jaw domain in a conformation further away from the DNA channel; and (ii) the aRNAP binds DNA with the Rpo13 subunit, whereas the eukaryotic one interacts with DNA using the Rpb5-N eukaryote-specific domain.
The RNAP subunits bolt-on model
It has become apparent that modern eRNAPs evolved by the addition of bolt-on subunits that regulate eukaryotic-specific processes. Indeed, the three nuclear task-specific eRNAPs differ in subunit composition ranging from 12 in RNA Pol II to 17 in RNA Pol III [29] [30] [31] . For example, TFIIF in RNA Pol II plays its function by association and disassociation, whereas the homologous subunits A49/A34.5 of RNA Pol I and C53/C37 of RNA Pol III are constitutively attached [29, [32] [33] [34] . Moreover, RNA Pol III has three additional subunits C31/C82/C34 which are homologous with the domains of TFIIE [35] .
Although Archaea possess only a single RNAP, this enzyme is not identical in composition across phyla and species, with the Rpo8 and Rpo13 subunits distinguishing selected species of the Crenarchaeota and Korarchaeota phyla. This pattern of incremental and modular subunit complexity in Archaea thus recapitulates the well-accepted pattern observed for the eukaryotic polymerases.
Rpo13 subunit: an ancestral bound transcription factor-like protein?
The SshRNAP 3.2 Å data (PDB code 4AYB) allowed us to put in register the sequence of Rpo13. Rpo13 is composed of two α-helices where α 1 (residues 38-56) locks the subunit into the polymerase and α 2 (residues 61-82) is exposed to the solvent [13] (Figure 1A) . Docking of Rpo13 on the RNAP is mediated by a hydrogen bond between Trp 51 , positioned on the first helix of the Rpo13, and the exposed residue Gly 60 of Rpo5, which is conserved across all archaeal species. This is not the case for the residues of Rpo1N with which Rpo13 makes two hydrogen bonds (Arg 131 -Pro 34 and Trp 125 -Thr 48 ) and a salt bridge (Arg 124 -Asp 52 ) [13] . Comparison via docking of the SshRNAP into the available cryo-EM reconstruction of the euryarcheal PfuRNAP at 13 Å resolution [28] (Figure 2A ) confirms the absence of subunits Rpo8 and Rpo13 from this species. Although the absence of Rpo8 from Euryarchaea has been discussed extensively in the past [11, 36, 37] , the appearance of Rpo13 in certain archaeal species has been object of more recent fervid discussions. Indeed, Rpo13's sequence is not recognizable in the available euryarchaeal genomes. Thus the cleft between Rpo5 and Rpo1N in the euryarchaeal RNAP cryo-EM density is easily accessible to possible partner factors (Figure 2A) .
In eukaryotic RNA Pol II, the space occupied by Rpo13 is taken up by the N-terminal part of Rpb5. In RNA Pol III, subunits C53/C37 are positioned in the proximity of the downstream DNA on the side of the Rpb5 and play a role in the formation of the initiation-ready open promoter complex [38] . Interestingly, cryo-EM studies of the RNA Pol III complex suggested the presence of the winged helices of the C82 subunit in a location equivalent to that occupied by Rpo13 in the aRNAP [35] ChIP (chromatin immunoprecipitation) studies have shown that Rpo13 is constitutively associated with SshRNAP during in vivo transcription elongation [13] . This observation was further strengthened by EMSA (electrophoretic mobility-shift assay) experiments that demonstrated that Rpo13 binds to dsDNA but not ssDNA (single-stranded DNA) [13] .
These findings infer that Rpo13 may possess structural and functional characteristics of a transcription factor-like subunit.
Thus, in Archaea, these observations raise two possible evolutionary scenarios. Either (i) the LACA (last archaeal common ancestor) possessed an Rpo13 subunit, which was then lost from the Euryarchaea phylum, but also from selected crenarchaeal species, or (ii) the Rpo13 subunit was absent from the LACA and subsequently emerged only in specific species of the Crenarchaea and Korarchaea phyla ( Figure 3A) .
Finally, it is also tempting to speculate that, during evolution, alternatively to scenario (i), Rpo13 may have been present before the separation of the archaeal and eukaryotic domains ( Figure 3A) and lost upon the appearance of the Nterminal domain of the eukaryotic Rpb5. This latter domain may constitute a platform for the binding of additional partners and increase the multi-factor regulation level of the eRNAPs ( Figure 3B ).
Conclusions
Structural work in the field of the archaeal transcription including X-ray [9, 10, 13, 21] , EM [19, 28] and FRET (fluorescence resonance energy transfer) studies [39] are providing unprecedented information into mechanisms of archaeal transcription, the understanding of which has been lagging behind the intensively studied bacterial and eukaryotic machineries [40, 41] . These studies add important pieces of information to our understanding of transcription in general and its evolutionary relationship across the three domains of life.
